Vascular endothelial growth factor (VEGF) has been implicated in the pathogenesis of diabetic nephropathy. We investigated serial changes of VEGF in the kidney and assessed whether glomerular and urinary VEGF levels are related to the severity of diabetic nephropathy. Furthermore, we examined the relationship between urinary VEGF levels and the urinary albumin excretion (UAE) rate in Otsuka-Long-Evans-Tokushima-Fatty (OLETF) rats. Glomerular VEGF mRNA expression and protein synthesis were evaluated by the reverse transcriptionpolymerase chain reaction, immunohistochemical staining and in situ hybridization. Urinary levels of VEGF were determined by enzyme-linked immunosorbent assay. UAE was significantly higher in OLETF rats than in control Long-Evans-Tokushima-Fatty (LETO) rats throughout the study period. Urinary VEGF levels were significantly higher from 25 to 37 weeks, and then gradually reduced until 55 weeks, although the levels were still higher than those in control rats. Urinary VEGF levels also showed a significant positive correlation with UAE (r=0·262, P=0·045) and serum creatinine (r=0·398, P=0·044), and were found to be independently correlated with UAE by Spearman's rank correlation. By immunohistochemical staining and in situ hybridization, VEGF was mainly detected in the podocytes in the glomeruli. Interestingly, a significant increase in VEGF mRNA expression was observed in the early period of diabetic nephropathy, and this was associated with increased urinary VEGF excretion. Thus, the overproduction of VEGF in the diabetic kidney may participate in the pathogenesis of early-stage diabetic nephropathy.
Introduction
Diabetic nephropathy is one of the most serious microvascular complications. The diabetic milieu results in the increased expression of angiogenic growth factors in numerous tissues in response to both hyperglycemia and tissue ischemia (Tilton et al. 1997 , Duh & Aiello 1999 , Cruz et al. 2002 . Moreover, vascular endothelial growth factor (VEGF) is known to be an endothelial mitogen and a potent vasopermeability factor (Ferrara 1999) .
Recent evidence supports a direct role for VEGF in the pathogenesis of diabetic nephropathy. VEGF is upregulated early in diabetes mellitus, especially in podocytes (Cooper et al. 1999) . In vivo, the blockade of VEGF by the administration of neutralizing antibodies to diabetic rats abolished hyperfiltration and suppressed the urinary albumin excretion (UAE) rate (De Vriese et al. 2001) . In addition, VEGF may contribute to renal matrix accumulation, since treatment with anti-VEGF antibodies attenuates GBM thickening and mesangial expansion (Flyvbjerg et al. 2002) . These findings indicate that an inappropriate rise in VEGF production in diabetes mellitus may increase glomerular vascular permeability and exacerbate proteinuria. Moreover, in support of the role of VEGF in proteinuria, serum concentrations of VEGF have been reported to be correlated with the risk and degree of albuminuria (Hovind et al. 2000 , Santilli et al. 2001 .
However, little in vivo evidence is available on the potential role of the VEGF system in type 2 diabetes mellitus. Although serum VEGF concentrations were found to be elevated in diabetic patients with albuminuria (Abdel Aziz et al. 1997 , Wasada et al. 1998 , Hovind et al. 2000 , it is not known whether urinary VEGF excretion correlates with albuminuria.
Otsuka-Long-Evans-Tokushima-Fatty (OLETF) rats are a genetic model of spontaneous non-insulin-dependent diabetes mellitus (NIDDM) development, and are considered a useful animal models in the study of the pathogenesis of diabetic nephropathy (Kawano et al. 1992 , Fukuzawa et al. 1996 . Due to their attractive characteristics, we performed this experiment using OLETF rats as a type II diabetic model.
In the present study, we investigated the relation of serial changes of VEGF in the kidney to the duration of diabetes mellitus in OLETF rats in order to clarify the implications of alterations in VEGF in the kidney with respect to diabetic nephropathy. We also investigated whether urinary VEGF levels are related to the severity of diabetic nephropathy, and the relationship between urinary VEGF levels and the UAE rate.
Materials and Methods

Experimental animals
Male OLETF rats, a model of type II diabetes mellitus, were kindly supplied by the Tokushima Research Institute (Otsuka Pharmaceutical, Tokushima, Japan). Male LongEvans-Tokushima-Fatty (LETO) rats served as a genetic control. All rats were kept at controlled temperature (23 2 C) and humidity (55 5%) under artificial light cycle, and were given free access to rat chow. Fifteen LETO and 20 OLETF rats were included in the study. Animals were caged individually, and their weights and 24-h urine samples were collected by metabolic cage at certain time points (17, 25, 37, 45 and 55 weeks) . Blood samples were withdrawn when they were killed, and plasma glucose levels were measured by a glucose oxidasebased method; creatinine levels were determined by the modified Jaffe method. The study was performed in accordance with the institutional guidelines for animal research.
Urinary albumin assays
The amount of UAE was determined in 24-h urine samples from each animal. Albumin concentrations were determined by competitive enzyme-linked immunosorbent assay (ELISA). In brief, 96-well plates (Nunc, Naperville, IL, USA) were precoated with sheep antirat albumin (250 ng/ml), and incubated for 2 h with standard dilutions of rat albumin or diluted rat urine samples. After addition of standard dilutions or a sample in 200 µl reaction buffer and equilibrating for 60 min, horseradish peroxidase-labeled antirat albumin was added, and the reaction was then allowed to proceed for 30 min at room temperature (RT). Thereafter, the plates were rinsed again three times with PBST (PBS containing 0·05% Tween-20), and substrate solution (prepared by dissolving O-phenylenediamine in methanol at a concentration of 10 mg/ml, diluting this 1:100 with deionized water, and adding 0·01 ml of 30% H 2 O 2 per 100 ml of the solution) was then added and incubation continued for 3 h. After stopping the reaction with 4 M, the absorbance was read at 495 nm with an ELISA reader. The sheep antirat albumin antibodies and standards were purchased from Cappel Laboratories (West Chester, PA, USA). UAE values were normalized with respect to urine creatinine (urinary ACR).
Histologic examination
OLETF rats and age-matched LETO rats were anesthetized with pentobarbital sodium (50 mg/kg i.p.). Kidneys were perfused with phosphate-buffered saline (pH 7·4) through the aorta, rapidly fixed in 10% phosphatebuffered formalin for 24 h and embedded in paraffin. One kidney was processed for immunohistochemical study and histologic examination. The other kidney was immediately placed in liquid nitrogen for subsequent RNA extraction. Paraffin slices from kidneys were stained with hematoxylin-eosin or periodic acid-Schiff (PAS). All histologic examinations were carried out by two pathologists in a blind manner.
Regarding glomerular histopathologic changes, mesangial lesions were scored semiquantitatively in terms of mesangial expansion and mesangial sclerosis. Mesangial expansion was graded into four scales (0, no sclerosis of the glomerulus; 1, sclerosis of up to 25% of the glomerulus; 2, sclerosis of 25-50% of the glomerulus; 3, sclerosis of 50-75% of the glomerulus; 4, sclerosis of more than 75% of the glomerulus. About 60 glomeruli were analyzed in the kidney sections of each rat, and these scores were compared for age-matched OLETF and LETO rats.
Semiquantitative analysis of VEGF mRNA expression
Total RNA was extracted from renal cortical tissues with Trizol reagent, and cDNA was synthesized by reverse transcription with an RNA PCR kit (Applied Biosystems, Roche Inc., Foster City, CA, USA) in a 20 µl mixture containing 1 µg RNA, 50 mM KCl, 10 mM Tris-HCl, 5 mM MgCl 2 , 1 mM of each dNTPs and oligo-(dT) primers, 20 units of RNase inhibitor, and 50 units of MuLV reverse transcriptase. The reaction mixture was incubated for 60 min at 42 C, and then at 90 C for 7 min in a thermocycler (GeneAmp PCR system 9600, Perkin Elmer, Roche Molecular System, Branchburg, NJ, USA). Next, cDNA was amplified with 2·5 units of AmpliTaq Gold polymerase in a 25 µl reaction volume containing 10 mmol/l Tris-HCl (pH 8·3), 50 mmol/l KCl, 1·5 mmol/l MgCl 2 , 0·2 mmol/l deoxynucleoside triphosphate, and 30 pmol of each primer. Sequence-specific primers for VEGF, which included introns between amplification sites from exon 3 to the 3 untranslated end, were used to amplify three splicing variants (VEGF120, VEGF164, and VEGF188). The expected lengths of their PCR products were; 330 base pairs (bp) for VEGF120, 462 bp for VEGF164 and 514 bp for VEGF188. The nucleotide sequences of each primer were as follows: sense 5 -GAC CCT GGT GGA CAT CTT CCA GGA-3 and antisense 5 -GGT GAG AGG TCT AGT TCC CGA-3 .
-Actin was also amplified as an internal control, and the expected length of its PCR product was 460 bp. The nucleotide sequences of the primers were as follows: sense 5 -TCA TGA GGT AGT CCG TCA GG-3 and antisense 5 -TCT AGG CAC CAA GGT GTG-3 . The PCR conditions consisted of an initial denaturation at 94 C for 7 min, followed by 35 cycles (VEGF) or 38 cycles ( -actin) of denaturation at 94 C for 45 s, annealing at 58 C (VEGF), or 60 C ( -actin) for 45 s, and extension at 72 C for 3 min, and these cycles were followed by a final extension at 72 C for 7 min. The number of PCR cycles was selected to represent a point before the product amplification plateau, as described previously (Cha et al. 2000) . To confirm the identity of each PCR product, each of the electrophoresed PCR bands was extracted with a DNA extraction kit (Qiagen, Valencia, CA, USA) and sequenced by an ABI automated DNA sequencing system (ABI Genetic Analyzer 310; PRISM, Branchburg Park, NJ, USA). The RT-PCR products were separated on a 2% agarose gel by electrophoresis and ethidium bromide stained. After scanning at 300 d.p.i., blots were quantified by densitometric analysis with NIH image-analysis software (Version 1·61). VEGF mRNA expression was quantified after correcting for -actin. Results were expressed as a mean optical density ratio of VEGF188/ -actin, VEGF164/ -actin and VEGF120/ -actin.
Immunohistochemical staining for VEGF
For immunohistochemical staining, renal tissue was immediately fixed in 10% neutral buffered formalin, cast in paraffin, sliced into 3-µm-thick sections, and placed on microscope slides. After removal and dehydration in xylene and graded alcohols, slides were immersed in distilled water. Kidney sections were transferred to a 10 mmol/l citrate buffer solution for antigen retrieval at pH 6·0 and then microwaved for 10 min. After a water wash, 0·05% peroxide/methanol was applied for 15 min to block endogenous peroxidase. The primary antibody, polyclonal rabbit antirat VEGF (Biogenex, San Ramon, CA, USA) antibody, was added at a 1:20 dilution for 2 h at RT. Negative control sections were stained under identical conditions by omitting the primary antibody. Using an LASB kit/HRP (DAKO, Carpinteria, CA, USA), kidney sections were sequentially treated with normal goat serum, primary antibody, link antibody, streptavidin-biotin horseradish peroxidase, and aminoethylcarbamisole (chromogen). Sections were then counterstained with Mayer's hematoxylin.
To evaluate VEGF staining, each glomerulus was graded semiquantitatively. Each score reflects changes in the extent rather than in the intensity of staining. Five scores were awarded, as follows; 0, very weak or absent staining and no localized increases in staining; 1, diffuse, weak staining with 1-25% of the glomerulus showing focally increased staining; 2, 25-50% of the glomerulus demonstrating a focal, strong staining; 3, 50-75% of the glomerulus stained strongly in a focal manner; 4, more than 75% of the glomerulus stained strongly. For each sample, 50-60 glomeruli were evaluated, and the average score was calculated. Each slide was scored by an observer unaware of the experimental details.
In situ hybridization
Oligodeoxynucleotide sequences were designed based on the rat VEGF sequence corresponding to the basenumbered 522-551 coding region. Oligodeoxynucleotides were synthesized and supplied by Biognostik (Göttingen, Germany), and these probes were labeled with fluorescein by a standard end labeling reaction. Fluorescein-labeled in situ hybridization was performed with an InnoGenex ISH kit (InnoGenex, San Ramon, CA, USA), according to the manufacturer's instructions. In brief, sections of 4 µm were cut from 10% formalin-fixed, paraffinembedded tissues. Sections were dewaxed, treated with proteinase K (10 µg/ml) at RT for 10 min and washed three times in 1 PBS for 2 min. They were then treated with Target Retrieval Solution containing a 0·2% RNase block, placed in a microwave for 15 min, and then cooled for 20 min. Sections were then washed three times in solutions containing 0·2% RNase block for 5 min, briefly refixed in 1% formaldehyde for 10 min, and rinsed in deionized water for 5 min. Sense and antisense probes were diluted to 100 ng/ml in hybridization buffer containing 50% formamide, and heated to 80 C for 5 min. A volume of 10-50 µl of this solution was then applied to the slides under cover slips. Hybridization was performed at 37 C for 3 h. After hybridization, sections were washed in 2 PBS containing 0·1% Tween-20 for 10 min. After three 5-min washes in 1 PBS containing 0·1% Tween-20, blocking buffer was applied to the sections for 5 min at RT, and then they were incubated in PBS solutions containing antifluorescein antibody and 15 mM sodium azide for 20 min at RT. After 5-min wash 1 PBS containing 0·1% Tween-20 for 5 min, and streptavidin-alkaline phosphatase conjugate in PBS containing stabilizer and 15 mM sodium azide were incubated on slides at RT for 20 min. After three 5-min washes in PBS, activation buffer containing alkaline phosphatase activator in TrisHCl (pH 9·5) and 15 mM sodium azide was applied for 1 min, and the sections were then washed three times in 1 PBS for 5 min, coated with developing solution containing NBT/BCIP, incubated in the dark for 6-12 h, and washed three times with PBS. They were then counterstained with Nuclear Fast Red, and mounted with permanent mounting medium. As a negative control, in situ hybridization using sense probes was also performed.
Measurement of VEGF concentrations in urine
The amount of VEGF protein in 24-h urine was determined by a commercially available quantitative sandwich enzyme immunoassay (R&D Systems, Minneapolis, MN, USA), according to the manufacturer's instructions. Urine samples were collected at 24-h intervals. All particulates were removed by centrifugation at 4000 g for 10 min, and samples were stored at 70 C before VEGF protein quantitation. The VEGF assay used is specific for the most common VEGF isoform, VEGF-165, but no data were available from the manufacturer concerning its specificity for the other isoforms. Before the study, the assay was validated for urine samples. Appropriate reductions in determined VEGF levels were observed by serially diluting urine samples. The assay was performed in duplicate, and results are expressed as means. Urinary VEGF levels were measured as described previously (Cha et al. 2000) . We also examined the stability of VEGF in urine, particularly in acidic versus nonacidic urine, but no difference was found. The detection limit of the assay was 5 pg/ml, and its coefficients of variation for intra-assay and interassay precision were 8·3% and 10·5% respectively. This ELISA showed no cross-reactivity with other cytokines or growth factors. To control for urine concentration differences, urinary VEGF was expressed relative to urinary creatinine content, and expressed as VEGF (pg/mg Cr).
Statistical analysis
We used nonparametric analysis because most of the variables, especially urinary VEGF, were not normally distributed even after logarithmic transformation. The Mann-Whitney U test was used to compare two groups, and correlations between urinary VEGF and clinical parameters were examined by Spearman's rank correlation and multiple stepwise regression analysis. A significance level of 5% was chosen for all tests (P =0·05). All statistical analyses were performed with SPSS for Windows 10·0 (SPSS Inc., Chicago, IL, USA).
Results
Clinical characteristics of OLETF rats
The body weights of age-matched OLETF rats were significantly higher than those of LETO rats throughout the study period. Plasma glucose levels were higher in OLETF rats during study periods, and there was a statistically significant difference after 37 weeks of age in the age-matched OLETF rats. No significant difference was observed in the serum creatinine concentrations of the two groups. UAE albumin creatinine ratio (ACR) in the OLETF rats was significantly higher than in the LETO rats even at 17 weeks (1·80 0·08 mg/mg Cr in OLETF and 0·35 0·04 mg/mg Cr in LETO; P<0·05) ( Table 1 ). The amount of 24-h UAE at the time of the final observation (55 weeks of age) was 86·20 9·19 mg/mg Cr in OLETF rats and 0·50 0·11 mg/mg Cr in LETO rats (P<0·001). Thus, UAE increased as did the difference between the UAE rates of OLETF and LETO rats with the duration of diabetes mellitus (Table 1) . Figure 1 shows the glomerular pathologies of OLETF and LETO rats at each time point. No significant changes in glomerular morphology were observed in LETO rats during the study period. Early changes of glomeruli in OLETF rats were focal and segmental, and mesangial cell proliferation was not observed during the study period. Mesangial expansion was initially observed in OLETF rats from 17 weeks of age, and this progressed with diabetes mellitus duration. Mesangial expansion was significantly higher in OLETF rats than in LETO rats throughout the observation period (Table 2) . Mesangial sclerotic lesions were detected at 25 weeks of age in OLETF rats; thereafter, the sclerotic lesion scores of OLETF and LETO rats were significantly different. Significantly greater increases in mesangial sclerosis scores were observed in OLETF rats than in LETO rats at 25 weeks (OLETF 0·16 0·05 vs LETO 0·01 0; P<0·05), 37 weeks (OLETF 0·36 0·11 vs LETO 0·02 0·01; P<0·05), 45 weeks (OLETF 0·44 0·12 vs LETO 0·02 0·01; P<0·001), and 55 weeks (OLETF 0·78 0·21 vs LETO 0·03 0·02; P<0·001) ( Table 2) .
Histopathologic changes in OLETF rats
Urinary excretion of VEGF protein
Urinary VEGF concentrations were higher in OLETF rats at 17 weeks of age, and significantly higher levels were observed at 25-37 weeks of age. This difference then gradually reduced over the course of the observation 
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period, but remained higher at 55 weeks of age. Interestingly, an abrupt increase in urinary VEGF excretion was found in OLETF rats at 25 weeks of age, after which it decreased gradually until study completion ( Fig. 2A) . The urinary levels of VEGF at 25 weeks of age were 0·59 0·12 pg/mg Cr per day in OLETF rats and 0·30 0·07 pg/mg Cr per day in LETO rats (P<0·001). The amounts of urinary VEGF at study completion were 0·25 0·07 pg/mg Cr per day in OLETF rats and 0·16 0·02 pg/mg Cr per day in LETO rats (P>0·05); that is, they remained higher in OLETF rats. Figure 2B shows the fold increase of urinary VEGF excretion over the baseline value at 17 weeks in urinary VEGF level versus the duration of diabetes mellitus in OLETF rats. No significant change in the urinary excretion of VEGF was observed in LETO rats. However, Figure 2 Urinary excretion of VEGF in experimental animals versus diabetes mellitus duration. VEGF proteins were measured in 24-h urine samples by enzyme-linked immunosorbent assay (ELISA). (A) Urinary VEGF concentrations were normalized versus urine creatinine concentration. Urinary VEGF levels were significantly higher at 25 and 37 weeks of age in OLETF rats than in age-matched LETO controls. (B) Fold increase of urinary excretion with respect to the value at 17 weeks in the same animals versus diabetes mellitus duration. Urinary VEGF excretion was maximally differentially increased at 25 weeks of age in OLETF rats versus 17 weeks of age. Data are shown as means S.D. * P<0·05, ** P<0·001 vs LETO.
urinary excretion of VEGF in OLETF rats was significantly elevated to 2·99-fold higher at 25 weeks (P<0·001), 2-fold higher at 37 weeks (P<0·05), 1·3-fold higher at 45 weeks (P>0·05) and 1·6-fold higher at 55 weeks (P<0·05). Urinary VEGF excretion peaked at 25 weeks in OLETF rats.
Regarding the relationship between clinical parameters and urinary VEGF levels, urinary VEGF levels appeared to be positively correlated with urinary ACR (r=0·262, P=0·045) and serum creatinine (r=0·398, P=0·044). However, no correlations were found between urinary VEGF and other clinical parameters such as plasma glucose level or body weight. Multiple regression analysis showed urinary ACR as a dependent variable, and urinary VEGF was included in the model (R 2 =63·5%, P<0·01).
Expression of VEGF mRNA and protein in the glomerulus
RT-PCR from cortical renal tissues demonstrated three alternative splicing variants: 330, 462 and 514 bp DNA fragments, corresponding to VEGF120, VEGF164 and VEGF188 (Fig. 3) . The expression pattern of each isoform was similar in each experimental animal. In the present study, VEGF120 isoform expression was greater than those of VEGF164 and VEGF188 in renal cortical tissues. Glomerular mRNA expression of VEGF was higher in OLETF rats than in LETO rats throughout the study period. At 17 weeks of age, glomerular VEGF164 and VEGF188 isoform mRNA expression was slightly higher in OLETF rats, and VEGF120 isoform expression was significantly higher in OLETF rats than in LETO rats. However, VEGF mRNA expression increased abruptly at 25 weeks of age in OLETF rats, and at 37 weeks of age showed a maximal difference versus LETO rats (Fig. 3) . After 45 weeks of age, glomerular VEGF mRNA expression reduced gradually, but remained higher in OLETF rats than in LETO rats. The VEGF: -actin ratios in OLETF rats at 17, 25, 37, 45, and 55 weeks were 1·28-, 1·59-, 1·58-, 1·27-and 1·13-fold higher than those in LETO rats. It is of interest that a significant increase in VEGF mRNA expression was observed in the early period of diabetic nephropathy (25 and 37 weeks), and that this did not increase according to diabetic nephropathy stage. Interestingly, increases in the glomerular mRNA expression of VEGF were associated with an abrupt increase in the urinary VEGF excretion. Figure 4 shows the representative glomerular immunohistochemical staining pattern of VEGF. Immunohistochemical staining and in situ hybridization for VEGF demonstrated that VEGF was mainly stained in the glomerular visceral epithelial cells in both OLETF and LETO rats (Fig. 5) . By semiquantitative scoring, significantly elevated VEGF staining was observed in the glomeruli of OLETF rats at 25 weeks of age (1·75 0·15 in OLETF rats and 0·67 0·09 in LETO rats; P<0·01). VEGF immunostaining scores were higher in OLETF rats at 17 weeks (OLETF 0·82 0·09 vs LETO 0·62 0·07; P>0·05), 25 weeks (OLETF 1·75 0·15 vs LETO 0·67 0·09; P<0·01), 37 weeks (OLETF 1·50 0·91 vs LETO 0·91 0·11; P<0·05), 45 weeks (OLETF 1·80 0·16 vs LETO 0·90 0·13; P<0·05) and 55 weeks (OLETF 2·30 0·12 vs LETO 1·00 0·15; P<0·01) (Fig. 6) . Figure 7 summarizes serial changes in UAE, urinary VEGF excretion, and glomerular VEGF mRNA transcription and protein levels in OLETF rats; UAE was progressively increased until 55 weeks of age. Glomerular VEGF mRNA and urinary VEGF excretion increased in concert to a peak level at 25 weeks of age, and then gradually decreased. However, glomerular VEGF protein levels showed a sudden increase at 25 weeks of age, and thereafter progressively increased with the duration of diabetes mellitus. It is of interest that glomerular VEGF gene transcription and the urinary excretion of VEGF were maximally elevated during the early stage of diabetic nephropathy.
Discussion
In the present study, we found that VEGF mRNA expression increases significantly during the early period of diabetic nephropathy, and that glomerular VEGF gene transcription is associated with elevation in the urinary VEGF level. Interestingly, urinary VEGF levels demonstrated a significant positive correlation with UAE and serum creatinine, and were found to be independently correlated with UAE.
These findings agree with those of a previous report that found that renal VEGF mRNA expression increases during the early period of diabetic nephropathy in type II diabetic rats (Tsuchida et al. 1999 , Braun et al. 2001 , Hoshi et al. 2002 ). An early and persistent increase in renal VEGF gene expression was also described in streptozotocininduced diabetic rats (Cooper et al. 1999) . However, previous studies have focused mainly on the expression of VEGF, and the excretion of urinary VEGF was not examined, nor was the relationship between these and UAE.
Recently, we demonstrated that urinary VEGF excretion is significantly increased according to the degree of proteinuria in patients with diabetes mellitus, and that pronounced VEGF upregulation occurs in glomerular podocytes in the early phase of diabetic nephropathy (Cha et al. 2000) .
VEGF is strongly implicated in the pathogenesis of diabetic microvascular complications, because it increases vascular permeability to macromolecules and stimulates monocyte chemotaxis and tissue factor production, all of which can contribute to microvascular complications (Clauss et al. 1990 , Dvorak et al. 1995 . Although the role of VEGF in regulating glomerular permeability has not yet been defined, a growing body of clinical and experimental evidence indicates that VEGF may be involved in altered glomerular permeability (Shulman et al. 1996 , Horita et al. 1998 , Matsumoto & Kanmatsuse 2001 . However, it remains controversial as to whether VEGF has a causative role in the pathogenesis of albuminuria. Disagreements between studies (Klanke et al. 1998 , Webb et al. 1999 on this point may be ascribed to the use of different experimental animals or different models of glomerular diseases. Representative reverse transcription-polymerase chain reaction showing the 330 bp product, which is identical to that of the alternatively spliced VEGF120 isoform. A second 462 bp product, corresponding to the VEGF164 isoform, and a third 514 bp product, corresponding to the VEGF188 isoform, were also detected. (B) Densitometric analysis of RT-PCR data: results are expressed as an optical density ratio of VEGF188/ -actin, VEGF164/ -actin and VEGF120/ -actin. VEGF120 isoform expression was greater than those of VEGF164 and VEGF188 in renal cortical tissues. Data shown are means S.D. The VEGF gene transcript was significantly elevated at 25 and 37 weeks of age in OLETF rats versus age-matched LETO rats. * P<0·05, ** P<0·001 vs LETO.
In the present study, we serially observed changes in urinary albumin and urinary VEGF excretion, and glomerular VEGF mRNA expression and protein production. The glomerular VEGF gene transcript and urinary VEGF excretion increased in parallel and peaked at around 25 weeks of age, and then gradually decreased. In agreement with previous reports, VEGF proteins were found to be localized primarily in glomerular epithelial cells in both control and diabetic rats (Monacci et al. 1993 , Simon et al. 1995 . Although we did not demonstrate a direct causal role for VEGF in terms of the induction of albuminuria, the present data suggest a causative role for VEGF in the pathophysiology of early diabetic renal disease. Thus, it is tempting to speculate that increased intraglomerular VEGF synthesis may be important in the early stages of diabetic glomerular injury, and that this predates the appearance of overt structural damage.
The mechanisms of increased vascular permeability by VEGF may involve the stimulation of collagenase production (Unemori et al. 1992) , the induction of endothelial fenestrae (Esser et al. 1998) , the stimulation of nitric oxide production in endothelial cells (Papapetropoulos et al. 1997 , Van der Zee et al. 1997 , and an increase in glomerular filtration surface area by an augmentation of glomerular capillary endothelial cell growth (Nyengaard & Rasch 1993) . Antonetti et al. (1998) reported that vascular permeability in experimental diabetes is associated with reduced endothelial occludin, a tight-junction protein between endothelial cells. With regard to vascular permeability, Williams et al. (1996) showed that an acute infusion of VEGF into experimental animals markedly increased sciatic nerve and aortic albumin permeability.
In the present study, we show for the first time that urinary VEGF levels increase in accordance with intraglomerular VEGF mRNA expression and VEGF immunostaining, suggesting that urinary VEGF may reflect reliable intrarenal changes caused by these stimuli in the diabetic milieu. Furthermore, we found that urinary VEGF levels correlate strongly with 24-h albumin excretion.
In our experiment, UAE was higher in diabetic rats than in control rats throughout the study period. Consistent with previous reports, mesangial expansion was found to be preceded by the development of albuminuria (Fukuzawa et al. 1996 , Tsuchida et al. 1999 . Moreover, an increase in the glomerular mRNA expression of VEGF and urinary VEGF excretion was found to precede the occurrence of mesangial sclerosis. LETO rat at 55 weeks of age; (B) OLETF rat at 17 weeks of age; (C) OLETF rat at 25 weeks of age; (D) OLETF rat at 55 weeks of age. Positive staining for VEGF was detected in visceral epithelial cells (arrow). Glomerular staining for VEGF was markedly increased at 25 weeks of age and then increased with diabetes mellitus duration. ×400.
In this study, the glomerular immunostaining for VEGF was increased until 55 weeks of age. However, urinary VEGF excretion was elevated at the early period of nephropathy, and then fell to control levels. Decreased urinary VEGF excretions at the later stage of diabetic nephropathy may be due to the loss of podocytes, which are the major source of VEGF secretion in the glomeruli.
However, cell-associated VEGF isoforms can be deposited in the extracellular matrix, which is increased during the course of diabetic nephropathy, and could be detected by immunohistochemical staining.
In this study, glomerular VEGF mRNA expression and urinary excretion were at a higher level in diabetic rats throughout the observation period. Various mechanisms could be responsible for this observed upregulation. Diabetes results in several pathobiologic changes, such as the activation of protein kinase C (Uchida et al. 1994 , Williams et al. 1997 ) (generally recognized as a key mediator of the cellular response to hyperglycemia), advanced glycosylation end product (Yamagishi et al. 2002) , the upregulation of cytokines and growth factors (including transforming growth factor (TGF)- (Pertovaara et al. 1994) ) and of reactive oxygen species (Tilton et al. 1997) , and stimulation of the renin-angiotensin system (Williams et al. 1995 , Gruden et al. 1999 , Pupilli et al. 1999 . All of these changes are known to increase renal VEGF production. To summarize, many stimuli that act either independently or in combination may increase VEGF production in the diabetic kidney.
In the present study, however, marked upregulation of VEGF synthesis was observed during the early stage of diabetic nephropathy. This led to speculation that early diabetic glomerular injury might induce VEGF production by the kidney, especially by podocytes, and that this may lead to albuminuria. Therefore, VEGF may participate in the progression of the early stage of diabetic glomerular injury. The decreased VEGF synthesis in the later stage of diabetic nephropathy observed in this study may be due to the loss of podocytes, which are the main cellular source of VEGF synthesis in the glomeruli.
In conclusion, a significant increase in VEGF mRNA expression was observed during the early period of diabetic nephropathy and glomerular VEGF gene transcription was associated with an increase in the urinary VEGF level. Moreover, urinary VEGF levels were found to be correlated strongly with 24-h albumin excretion. Our findings suggest that the overproduction of VEGF in the diabetic kidney participates in the pathogenesis of the early stage of diabetic nephropathy. 
Figure 7
Serial changes in urinary VEGF excretion, glomerular VEGF mRNA expression and protein levels in OLETF rats versus diabetes mellitus duration. Glomerular VEGF mRNA and urinary VEGF levels increased in concert, peaked at 25 weeks of age and then gradually decreased.
